The soybean SAUR (Small Auxin-Up RNA) genes are transcriptionally induced by exogenous auxins within a few minutes after hormone application. This response is specifically induced by auxins primarily in epidermal and cortical cells within elongation zones of hypocotyls and epicotyls. We have previously shown that an 832-bp soybean SAUR promoter/&glucuronidase (GUS) reporter gene fusion is responsive to auxin in transgenic tobacco plants ( We have now analyzed a soybean SAUR 15A promoter in transgenic tobacco plants using 5' unidirectional deletions, internal deletions and mutations, and gain-of-function assays with a minimal cauliflower mosaic virus 35s promoter. Our results indicate that the distal upstream elementlhldel restriction endonuclease site element (NDE) (B.A. McClure, C. Hagen, C.S. Brown, M.A. Gee, T.J. Cuilfoyle [1989] Plant Cell 1: 229-239) in the SAUR 15A promoter is necessary and sufficient for auxin induction. Our results also show that the 30-bp NDE portion of this element is responsible for most, if not all, of the auxin inducibility of the SAUR 15A promoter. The NDE contains two adjacent sequences, TCTCTC and CCTCCCAT, which have been previously identified as putative auxin-responsive elements. We propose that these elements might function independently or together, possibly with an additional element(s), to confer auxin inducibility to the SAUR promoters.
It is well documented that the plant hormone auxin can rapidly and selectively alter gene expression in a variety of plants (reviewed by Guilfoyle, 1994) . A class of auxinresponsive mRNAs called SAURs has been isolated and characterized from soybean (McClure and Guilfoyle, 1987; McClure et al., 1989) . The abundance of SAURs are rapidly up-regulated after excised soybean elongating hypocotyl sections are exposed for several minutes to exogenous auxin, and this response is specifically induced by auxins (McClure and Guilfoyle, 1987; McClure et al., 1989) . RNA blot (McClure and Guilfoyle, 1987) , tissue print hybridization (McClure and Guilfoyle, 1987) , in situ hybridization (Gee et al., 1991) , and promoter analysis in transgenic tobacco showed that SAURs are most highly expressed in elongating regions of hypocotyls in soybean and transgenic tobacco seedlings. Tissue print and in situ hybridization indicated that these RNAs were most abundant in epidermal and cortical cells of the elongating soybean hypocotyl and that exogenous application of auxin resulted in an increase in abundance of SAURs within these same tissues and organ regions.
Five SAUR genes were found to be clustered within approximately 7 kb of soybean genomic DNA (McClure et al., 1989) . The genes are spaced at intervals of about 1.25 kb, and adjacent genes are transcribed in opposite directions. Nuclear run-on in vitro transcription assays revealed that at least three of the genes are transcriptionally induced by exogenous auxins. Nucleotide sequence comparisons of the five clustered SAUR genes indicated that the amino acid and nucleotide sequences of the open reading frames are highly similar. In addition, regions within the 3' UTRs, 5' UTRs, and promoters of the five SAUR genes showed a high degree of nucleotide sequence similarity. The most conserved sequence regions within the SAUR promoters were proposed to be possible AuxREs or domains, and these were referred to as the DUE/NDE (McClure et al., 1989) .
Recent studies on a SAUR 10A gene promoter-GUS reporter fusion gene in transgenic tobacco plants showed that the cis element(s) involved in the auxin-specific and tissue/ organ-specific expression of this promoter resides within 832 bp upstream of the transcription start site . Similar results were obtained with an 868-bp SAUR 15A promoter-GUS reporter gene in transgenic tobacco (Y. Li, unpublished results). Here we define more precisely the cis element(s) that confers auxin inducibility to a SAUR 15A promoter. To define the auxin-responsive region within the promoter, we have employed deletion and mutation analysis of the SAUR promoter and gain-of-function analyses with SAUR promoter fragments fused to a minimal -60 or -46 CaMV 355 promoter in transgenic tobacco plants. These analyses have led to the identification of a 30-bp sequence within the NDE region (McClure et al., 1989 ) that functions as an AuxRE. Our results define an AuxRE that is conserved in other soybean SAUR genes and in some other unrelated auxin-responsive genes. Plant Physiol. Vol. 106, 1994
MATERIALS AND METHODS

Plant Materials and Chemicals
Seven-to 10-d-old transgenic tobacco (Nicotiana tabacum cv Xanthi-nc; R2 generation) seedlings containing the Escherichia coli uidA, (GUS) reporter gene fused to wild-type, truncated, or mutated SAUR gene promoters were grown on moistened sand as previously described . Transgenic seedlings were initially screened by histochemical staining for GUS activity, and four to five independent transgenic plants from wild type, each truncation, and each mutation were chosen for quantitative analysis of the promoter. Fifty to 100 seedlings from each independent transformant were incubated for 12 h in 10 m potassium phosphate (pH 6.0) and 2% Suc (w/v) with or without 50 PM NAA. All auxin-induction experiments with transgenic seedlings were repeated two to three times.
Construction of SAUR Promoter/GUS Reporter Fusion
Genes, Transformation of Tobacco, and Quantitative GUS Activity Assays An 868-bp promoter and 5' UTR from the SAUR 15A gene (McClure et al., 1989) were fused to the GUS open reading frame at the translational start site. Deletion constructs of this promoter were made using standard protocols (Ausubel et al., 1987) with specific oligonucleotide primers and PCR. Seven unidirectional 5'-deletion constructs were made: -790, -653, -509, -371, -213, -103, and -23 from the transcription start site (Gee, 1992) . BamHI, XhoI, or PstI sites were introduced into the 5' ends of the PCR primers. All promoter fragments synthesized by PCR were digested with BamHI and NcoI or PstI and NcoI. The promoter fragments were ligated into pEB-GUS at its unique BamHI and NcoI sites or PstI and NcoI sites. Intemal deletions and mutations with the DUE/NDE region of the -509 promoter were constructed using specific oligonucleotides and PCR. Intemal deletions and mutations consisted of a DUE/NDE deletion (-169 to -105), a DUE deletion (-169 to -150) , an NDE deletion (-142 to -105), a DUE substitution (-169 to -150 replaced with the sequence ctcgagatattcaatagctg), and an NDE substitution (-142 to -115 replaced with the sequence ctcgagatattacgtagctcag). Deletion constructs were sequenced (Sanger et al., 1977) to confirm deletion end points and/or boundaries and to confirm that mistakes were not incorporated into a sequence during PCR.
A gain-of-function experiment was carried out with a monomer and multimer (three copies, all in the correct orientation to the SAUR 15A promoter) of a 126-bp fragment (-213 to -88) containing the DUE/NDE. A PstI site was introduced at both ends of the 126-bp fragment. After digestion with PstI, DUE/NDE fragments were ligated together and a trimer was recovered. The monomer and trimer were made blunt-ended with mung bean nuclease and fused to a -46 or -60 CaMV 35s promoter/GUS reporter gene, pAGUSl (Li et al., 1992) , at a unique EcoRV site. The trimer construct was sequenced and determined to have three copies of the DUE/NDE fragment in the correct orientation. The monomer DUE/NDE/-46 CaMV 35s promoter/GUS reporter gene and 3X (DUE/NDE)/-60 CaMV 35s promoter/ GUS reporter gene were excised from the pAGUjl plasmid by EcoRl digestion and cloned into pMON505 at its EcoRI site.
All promoter deletion and mutation constructs fused to the GUS reporter gene were cloned into pMON505 as described by Li et al. (1991) . The pMON505 constructs were mobilized into the binary vector Agrobacterium pTiT37-SE using the triparental mating method, and were used to transform N. tabacum cv Xanthi by the leaf disc method described by Horsch et al. (1985) and Hagen et al. (1991) . Regenerated Ro plantlets were transferred to soil and grown to maturity. Six to 40 independent transgenic plants were obtained for each fusion gene construct. All plants analyzed for prorioter activity were R2 generation from self-pollinated cross~~s. Quantitative fluorometric and histochemical GUS assay:; were carried out as described by Jefferson (1987) and Hagen et al. (1991) using 5-to 7-d-old light-grown RP seedlin8;s.
Gel Mobility Shift Assays
Assays were carried out using nuclear extracts from soybean hypocotyls that had been treated for 2 h with 100 PM 2,4-D. Nuclei were isolated, extracts were preparlsd, and gel shift experiments were carried out as described elsewhere (Lu et al., 1994) . The probe was a 126-bp DUEl'NDE fragment (-213 to -88) from the SAUR 15A promoter. Specific competitors were synthesized from the DUE/NDII regions of the SAUR 6B (103 bp) and 10A (120 bp) promr2ters using specific primers and PCR.
RESULTS
Unidirectional 5' SAUR Promoter Deletion Analysis
Starting with an 868-bp SAUR 15A promoter (McClure et al., 1989) , we constructed a series of unidirectiorial 5' deletions. The location of the SAUR 15A gene in the soybean genomic DNA cluster is shown in Figure lA , and the sites containing DUE/NDE sequences are indicated. A diagram of the 5' deletion series of the SAUR 15A promote] indicating positions of the DUE/NDE sequences is shown (Fig. 1A) . The start site of transcription was determined by S1 nuclease mapping and found to be 85 bp upstream of the translation start site (Gee, 1992) . The start site of transcription is designated as +l. Figure 1B shows that the -868 full-length promoter is induced about 13-fold with 50 PM NAA. The -790 deletion results in the loss of one DUE/ND E sequence from the -868 full-length promoter. This more distal DUE/ NDE is oriented in the direction opposite to the DUE/NDE that is closer to the transcription start site of the !jAUR 15A gene. Figure 1B shows that this deletion has little effect on the level of GUS activity or the auxin inducibility of the SAUR promoter. In fact, little effect on GUS activity or auxin inducibility is observed through deletions up to -509. All deletion constructs up to -509 are induced at least 10-fold with 50 p~ NAA. A deletion to -371 results in a 3-fold decrease in GUS activity in uninduced seedlings, but auxin treatment still results in about a 5-fold increase in GUS activity. .An almost identical GUS activity and a u~ induci- bility is observed with a deletion to -213. A deletion to -103 results in almost total loss of GUS activity and auxin inducibility of the SAUR 15A promoter. This result indicates that a 110-bp promoter fragment between -213 and -103 contains one or more AuxREs. This DNA fragment contains the DUE/ NDE more proximal to the start site of transcription for the SAUR 15A gene.
Internal Deletions and Mutations within the Proximal DUE/NDE
To define more precisely the position of the AuxRE between -213 and -103, we made a number of intemal deletions and mutations within this fragment. We concentrated on the DUE/NDE sequence domain, since this is the most conserved sequence within the five soybean SAUR gene promoters and had been proposed earlier as a candidate AuxRE (McClure et al., 1989) . The manipulations of sequences between -213 and -103 were carried out in the context of a -509 SAUR promoter, which is nearly as active and auxin inducible as the full-length -868 promoter ( Fig.  2A) . Figure 2B shows that the wild-type -509 promoter was induced about 11-fold by 50 ~L M NAA. In this set of experiments the level of induction observed with auxin was the same as that shown in Figure 1 , but the total GUS activity was only half that shown in Figure 1 . This variability in total GUS activity probably resulted from slightly different manipulations with the transgenic plants (e.g. light/dark cycles, temperature) and/or assay conditions. If the DUE/NDE sequence -169 to -105 is deleted from the -509 promoter, basal activity of the promoter is reduced about 1.5-fold, and the promoter is induced only about 2-fold by auxin. This result indicates that the DUE/NDE is important for high levels of auxin induction. If only the DUE portion (-169 to -150) of the DUE/NDE is deleted, the -509 promoter is induced 8.5-fold by auxin, indicating that most of the auxin inducibility of the SAUR 15A promoter is retained in the absence of a DUE sequence. Replacing the deleted DUE sequence with a spacer of random DNA sequence (Sub.DUE) gives approximately the same level of basal GUS activity and auxin induction as the construct with a deleted DUE sequence that is not replaced with a spacer sequence. In contrast to the slight effect of a DUE deletion, an NDE deletion (-142 to -105) within the -509 promoter results in a promoter with basal activity and auxin inducibility almost identical to those of the construct in which the entire DUE/NDE sequence is deleted. Replacing the NDE sequence with spacer DNA (Sub.NDE) results in a promoter about as active and auxin inducible as the promoter with the NDE deletion that is not replaced by a spacer. Taken together, the intemal deletions between -213 and -103 indicate that the NDE portion of the DUE/NDE is crucial for conferring high levels of auxin inducibility to the SAUR 15A promoter.
To determine if the DUE/NDE could function as an AuxRE in the absence of the remainder of the SAUR 15A promoter, we constructed a monomer and trimer of the isolated DUE/ NDE fragment fused to a minimal CaMV 35s promoter. The choice of a -60 or -46 CaMV 355 promoter was based on the availability of the minimal promoters at the time the constructs were made. Neither the -60 nor the -46 CaMV 35s promoter responded to auxin in the absence of the SAUR DUE/NDE. The three DUE/NDEs were all placed in the correct orientation relative to the wild-type element in the promoter. This construct had a basal activity about 3-fold less than a wild-type -509 promoter, but was induced about 33-fold by 50 p~ NAA. The monomer DUE/NDE construct had a basal activity slightly less than the -509 promoter and was induced about 3-to 4-fold by auxin. These gain-of- Figure 16 . Vol. 106, 1994 function results with a minimal CaMV 35s promo:er indicate that the DUE/NDE can function as an AuxRE independent of the remainder of the SAUR 15A promoter. In i'act, multimerization of this element results in 2.5-fold stronger auxin induction than that observed with the wild-type -509 or the -868 promoter (see Fig. 3 ).
Histochemical staining for GUS activity with transgenic tobacco seedlings that had been transformed with a -868 SAUR l!jA promoter, a -213 SAUR 15A promoter, and a monomer 1 X (DUE/NDE)/-46 CaMV or 3X (DUE/NDE)/ -60 CaMV 35s promoter did not reveal changes in the organspecific patterns of gene expression with the different constructs (Fig. 3) . However, the -868 construct (Fig 3A) , compared to the other constructs (Fig. 3, B-D) , does show higher levels of GUS expression in the apex of hypocotyls that were not exposed to exogenous auxin. The patterns of GUS expression shown in Figure 3 differ somewhat from those reported previously with the SAUR 10A promoter (Li eí al., 1991) because of the effect of light on the SAUR promoter activities. The seedlings used in this study were grown in the presence of light to reduce the level of GUS expression in seedlings not exposed to exogenous auxin. Light-treated transgenic tobacco seedlings show a large reduction in SAU R promoter activity within the hypocotyl compared to seedlings grown in the dark ( Fig. 3 ; Li et al. [1992] ). With each construct, application of auxin induced strong expression in the cortical and epidermal cells of hypocotyls. Some expression was also observed in the cotyledons with the -868 promoter, and strong expression was observed in cotyledons with the 3X (DUE/NDE) promoter. Most of the promoter activity was limited to the aerial portions of the seedlings, since little or no GUS activity was detected in the roots of transgenic seedlings.
Gel Mobility Shift Assays
To determine if the DUE/NDE fragment in the SAUR 15A promoter bound specifically to nuclear proteins from soybean hypocotyl, we conducted gel mobility shift analysis using a 126-bp DUE/NDE fragment from the SAUR 15A promoter. The nuclear protein used in this experiment was prepared from soybean hypocotyls that had been exposed to auxin (see 'Materials and Methods"). This fragment produced a single major band when incubated with soybean nuclliar extracts (Fig. 4) . If 50-fold to 100-fold excess unlabeled 126-bp SAUR 15A DUE/NDE fragment was included in the incubation, it competed strongly with the labeled fragment. SAUR 68 and 10A DUE/NDE fragments at 100-fold excess also strongly competed with the labeled SAUR 15A probe. Nonspecific competitors did not effectively compete with í.he labeled probe.
DISCUSSION
In this study we have determined that the auxin-responsive soybean SAUR promoter contains a 30-bp sequerice element that functions as an AuxRE in transgenic tobacco seedlings. This element consists of the NDE portion of the DUE/NDE that was originally identified by McClure et al. (1989) as a putative regulatory sequence within the SAUR promoters. We have also shown that the isolated DUE/NDE confers auxin inducibility to a minimal CaMV 35S promoter and that the level of auxin induction with a multimer of the DUE/ NDE is 2.5-fold greater than the auxin induction of a fulllength 868-or 509-bp wild-type SAUR ISA promoter. The conservation of the DUE/NDE sequence in other soybean SAUR promoters (McClure et al., 1989) suggests that this element functions as an AuxRE in each of the SAUR genes. The SAUR ISA DUE/NDE fragment specifically binds to one or more nuclear proteins from soybean hypocotyl, and the SAUR 6B and 10A DUE/NDE fragments effectively compete with the SAUR ISA fragment in binding assays. We have not been able to obtain clear footprints of the sequences within the DUE/NDE fragment with DNase I, but protein/ (DUE/NDE) interactions are currently being assessed with fractionated nuclear extracts and by employing DNase I footprinting and methylation interference assays (Z.-B. Liu, unpublished results).
Our SAUR ISA promoter analysis has been carried out exclusively with transgenic tobacco seedlings. Unlike the auxin-inducible soybean GH3 promoter , which can be induced by auxin in transgenic tobacco seedlings and in carrot protoplasts (Liu et al., 1994) , the SAUR promoters display no auxin induction in transient assays carried out with carrot protoplasts. This is the case even though some putative auxin-inducible sequences are shared by the 30-bp AuxRE in SAUR ISA and by 25-and 32-bp AuxREs in the GH3 promoter (discussed below). Failure to observe auxin induction of the SAUR promoter in carrot protoplasts may be due to the organ/tissue specificity of the SAUR promoter compared to the GH3 promoter. SAUR genes are most strongly expressed in the cortex and epidermis of elongating hypocotyl and epicotyl regions (McClure and Guilfoyle, 1987; Gee et al., 1991; Fig. 4) . The SAUR genes/ promoters show little to no expression in tissues of other organs and organ regions in soybean seedlings and transgenic tobacco plants. Addition of auxin simply elevates the level of expression of SAURs in the same tissues and organs that express SAURs in the absence of auxin application. Thus, SAUR gene expression shows a strict tissue and organ specificity that is not altered by auxin application. In contrast, the GH3 gene is most strongly expressed in meristems and root/ shoot transition zones, but exogenous auxin induces expression from the GH3 promoter in most, if not all, tissues and organs in soybean and transgenic tobacco (Gee et al., 1991; Hagen et al., 1991) . Carrot protoplasts contain the factors necessary for expression of the GH3 promoter, but apparently lack a factor(s) necessary for expression of the SAUR promoter. We have also observed that the auxin-inducible soybean GmAux28 promoter, which also shows a restricted organ-specific pattern of gene expression (Walker and Key, 1982) , is not significantly induced by auxin in carrot protoplasts (T. Ulmasov, unpublished results). These results suggest that the GH3 promoter is regulated by auxin in a manner that differs somewhat from that in SAUR and possibly GmAux28 promoters.
The minimal element that confers auxin inducibility to the SAUR promoter resides in the DUE/NDE sequence (McClure et al., 1989) , and internal deletions within this region suggest that the NDE sequence is required for high-level auxin induction of this promoter. The 30-bp sequence constituting the NDE is shown in Figure 2A . The NDE contains two short sequences that have been previously proposed to be AuxREs. The first of these putative AuxREs was identified by Ballas et al. (1993) and consists of the consensus sequence T/ GGTCCCAT. This putative AuxRE is found in a 164-bp auxin-inducible sequence within the pea PS-IAA4/5 promoter, and based on similarity to sequences found in a variety of other auxin-inducible genes (including SAURs), the conserved T/GGTCCCAT motif was suggested to function as an AuxRE. We have recently carried out an extensive analysis of the soybean GH3 promoter and identified two independent auxin-inducible sequences (Liu et al., 1994) . These consist of 25-and 32-bp elements, and both confer auxin inducibility to a minimal CaMV 35S promoter. Each of these AuxREs in the GH3 promoter contains a conserved sequence, TGTCTC, as part of a larger conserved sequence, TGTCTCctcAATAAG (in the 25-bp element) and TGTCTCAATAAG (in the 32-bp element). The NDE within the SAUR ISA promoter contains the sequence TGTCTC tea tttGGTCCC AT at its 3' end. Thus, both of the putative AuxREs discussed above, TGTCTC and GGTCCCAT, are present within 6 bp of one another in the SAUR ISA promoter as well as in the soybean SAUR XI5 and 6B promoters (McClure et al., 1989) .
It is worth noting that the tGTCtC (i.e. the putative TGTCTC AuxRE) motif is similar to the gGTCcC (i.e. the putative T/GGTCCCAT AuxRE) motif within the 3' end of the SAUR ISA NDE. We have found that the TGTCTC element has no activity when fused as a monomer or multimer to a minimal CaMV 35S promoter, but we have also observed that this element is required for auxin inducibility of the 25-and 32-bp AuxREs in the GH3 promoter (T. Ulmasov and Z-B. Liu, unpublished results). We have also found by site-directed mutagenesis that the internal TC (nucleotide positions 3 and 4) of the TGTCTC sequence is crucial for this element to function as part of a larger (i.e. the 25-and 32-bp elements) AuxRE in the GH3 promoter (T. Ulmasov, unpublished results). The minimal element that confers auxin inducibility to the SAUR promoters remains to be determined. We are currently carrying out experiments to determine if one or both of the TGTCTC and GGTCCCAT elements are required for auxin inducibility of the SAUR promoter.
